An in-depth understanding of the flow behaviors of materials deformed at high temperatures is of paramount significance. However, insufficient research on the nickel-based GH4698 alloy has resulted in inaccurate material flow prediction or even cracking in the practical billet opening of GH4698 large forgings. In this study, hot compressions were performed at 950?1150 °C and 0.001?3 s?1. Single-peaked strain-stress curves were obtained under various conditions, owing to dislocation motions in dynamic recrystallizations. The Arrhenius model was formulated to accurately describe the flow stress evolutions and the mean prediction error of the flow stress was 5.90%. Processing maps were constructed at various hot working conditions. It was found that the hot working ability of GH4698 markedly decreased under lower temperatures (950?1080 °C) and higher strain rates (0.1?3 s?1). Optimal thermal processing parameters were suggested. In sum, this study systematically investigated the flow behaviors and hot working ability of GH4698 in isothermal compressions.
Introduction
As a type of precipitation-reinforced nickel-based high-temperature alloy, the GH4698 alloy has excellent strength, toughness, fatigue resistance, and corrosion resistance at up to 750 • C. Thus, this alloy has been widely used to manufacture machine parts working at high temperatures, such as airplane engine compressor disks, guide vanes, and gas turbine disks. However, this material is extremely sensitive to thermal processing parameters, and cracking could easily occur in the billet opening of GH4698 large forgings, owing to the addition of aluminum and titanium [1] . One solution could be to place the billet in a sleeve and forge as a whole, so that the material is under a three-dimensional compressive stress state, but this would increase the cost. A more economical method is to deform under optimized parameters, but thus far, hot processing maps of GH4698 have not been established, hindering the hot working parameters optimization in practical production. Therefore, there is an urgent need for systematic research on the flow behaviors and hot working maps of GH4698.
Various flow stress models have been proposed to describe the flow behaviors of alloys at high temperatures. The phenomenological Johnson-Cook model was successfully used to describe the exponential stress-strain relationships of GH4133B by Wang et al. [2] . However, the Johnson-Cook model was inadequate for materials with nonexponential type stress-strain curves, and the Zerilli-Armstrong model was established for an NiTi alloy by Shamsolhodaei et al. [3] . To achieve a higher prediction accuracy, the Arrhenius model was modified to incorporate the influence of strain, and based on the modified Arrhenius model, flow stress models were established for various nickel-based alloys, e.g., the GH4169 alloy by Chen et al. [4] , N08028 alloy by Wang et al. [5] , and 80A alloy by Gu et al. [6] . The results by Lin et al. [7] and Wang et al. [8] indicated that the accuracy of the flow stress models could be further improved by a neural network, but the applications were limited, owing to the difficulty in finite elemental integration. Moreover, physical-based models were proposed to investigate the underlying mechanisms of the influences of creep, dislocation motion, and grain size on flow stresses by Lin et al. [9] , Haan et al. [10] , and Zhou et al. [11] . By comparing the above-mentioned models, the Arrhenius model showed an advantage in applicability and accuracy, and thus it has been widely used in the flow stress modeling of nickel-based alloys [4] [5] [6] .
The processing maps of nickel-based alloys have also been investigated intensively in recent years. Hot working maps of a nickel-based alloy for power plant applications were established by Wu et al., and it was revealed that the different recrystallization mechanisms could be reflected by the hot working maps [12] . The microstructures on the different domains of the processing maps of the IN028 alloy were inspected by Wang et al. [13] , and the study showed that the deformation mechanism maps agreed well with the processing maps. The processing maps of the N08028 alloy [14] , the 617B alloy [15] , and the GH4169 alloy [16] showed that the efficiency peaks of the processing maps were associated with dynamic recrystallization nucleation and dramatic grain growth of the N08028 alloy, whereas incomplete recrystallization, twinning, and adiabatic shear bands occurred in the instability domain. By comparing the different instability criterions from Gegel et al. [17] [18] [19] [20] , the different shapes of the deformation instability domains of GH79 alloy were compared by Ge et al. [21] , and it was noted that the deformation instability domains from Prasad's criterion could effectively predict the deformation instability of GH79. It was shown by the result of Chen et al. [4] that the optimal hot working parameters of GH4169 were located at areas whose dissipative efficiencies were 30-35%. Specifically, for the GH4698 alloy, the flow behaviors were investigated by Zhang et al. [22] , and a flow stress model was established. Nevertheless, hot working maps of GH4698 have not been established, forming a barrier for hot working parameter optimization in large forging production. Thus, systematic research is required on the flow behaviors and hot workability of the GH4698 alloy at high temperatures.
Therefore, in this study, the hot deformation behaviors of the GH4698 alloy were studied via hot compressions. An Arrhenius model was established to calculate the flow stresses. Processing maps at various thermal processing conditions were constructed, and an optimal hot working parameter range for GH4698 was recommended. This study provides a reference for hot working parameter optimization of GH4698 large forgings during the forging process.
Materials and Experiments

Materials
The as-forged GH4698 alloy ingot used in this study had a size of Φ300 mm × 1000 mm. The chemical composition of the GH4698 alloy was quantified via x-ray fluorescence (XRF1800, Shimadzu Inc., Kyoto, Japan) and an infrared carbon-sulfur analyzer (CS2800, Eltra Inc., Haan, Germany), as shown in Table 1 [23, 24] . It should be noted that the carbon content of the material used in this research was at the upper limit allowed for GH4698. The specimens for elemental analysis were prepared by wire electrode cutting, turning, and mechanical polishing to Φ33 mm × 12 mm cylinders. The hot compression specimens were prepared by wire electrode cutting and turning to Φ8 mm × 12 mm cylinders. 
Experiments
Hot compressions were conducted on a compression machine (Gleeble3500, Dynamic Systems Inc., Austin, TX, USA). The compression temperatures were determined to be 950 • C, 1000 • C, 1050 • C, 1100 • C, and 1150 • C, respectively. These temperatures covered the usual hot working temperature range of GH4698 [1] . To cover the strain rate range of the billet forging process, preforging process, and final-forging process of large forgings on hydraulics, the strain rates were selected to be 0.001 s −1 , 0.01 s −1 , 0.1 s −1 , 1 s −1 , and 3 s −1 , respectively. The experimental procedure is shown in Figure 1 . The specimens were heated to 1150 • C at 3.3 • C/s, held for 180 s, cooled to deformation temperatures, held for 180 s, compressed to the strain of 0.95, and quenched. The true stress and logarithmic strain were calculated accordingly. The compressive strains, which had negative values, were written as positive for simplicity in this research. Smoothing was applied on the stress-strain curves. Hot compressions were conducted on a compression machine (Gleeble3500, Dynamic Systems Inc., Austin, TX, USA). The compression temperatures were determined to be 950 °C, 1000 °C, 1050 °C, 1100 °C, and 1150 °C, respectively. These temperatures covered the usual hot working temperature range of GH4698 [1] . To cover the strain rate range of the billet forging process, preforging process, and final-forging process of large forgings on hydraulics, the strain rates were selected to be 0.001 s −1 , 0.01 s −1 , 0.1 s −1 , 1 s −1 , and 3 s −1 , respectively. The experimental procedure is shown in Figure 1 . The specimens were heated to 1150 °C at 3.3 °C/s, held for 180 s, cooled to deformation temperatures, held for 180 s, compressed to the strain of 0.95, and quenched. The true stress and logarithmic strain were calculated accordingly. The compressive strains, which had negative values, were written as positive for simplicity in this research. Smoothing was applied on the stress-strain curves. 
Results and Discussion
Flow Behaviors
The stress-strain curves of GH4698 at various strain rates are shown in Figure 2 . Basically, singlepeak flow stress curves were obtained. In the starting stage of deformation, the flow stress increased because of the contradicting effect of work hardening by dislocation pile ups and cross slips, as well as dynamic softening, by creep and recovery. As the deformation proceeded, the dislocation densities at the grain boundaries reached the critical value for recrystallization, and the dynamic recrystallized grains nucleated, resulting in the softening and a gradual drop in the flow stress [25] . When the dynamic recrystallization was completed, the flow stress remained nearly constant, as the hardening effect and the softening effect were balanced. It can also be seen from Figure 2 that the flow stress decreased with increasing temperature. This could be explained by the observation that the thermal movement of atoms was more intense at higher temperatures. The creep and dynamic recrystallization were more likely to occur owing to fewer obstacles for the dislocation motion to overcome, resulting in the overall softening of the GH4698 alloy. With the increasing strain rate, the flow stress increased. This is because at a faster strain rate, it was more difficult for the dynamic recovery to fully occur, leading to a higher average dislocation density and a greater deformation resistance. It is worth noting that the peak flow stress shown in Figure 2 agreed well with the results of Zhang et al. [22] , but the curve shapes were different, which may be attributed to differences in the composition of as-received material. As mentioned in Section 2.1, the carbon content of the material used in this research, 0.08%, was obviously higher than that in the literature [22] , 0.048%. For nickelbased alloys, Chen et al. [4] and Lin et al. [7] proved that dynamic recrystallization occurred during hot compressions. Therefore, a refined and uniform microstructure could be obtained by selecting optimal hot working parameters. In this way, the hot working ability could be improved, and cracking defects of large forgings in the billet opening process could be avoided. 
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Flow Stress Modeling
Although a flow stress model of the GH4698 alloy was established by Zhang et al. [22] , different shapes of stress-strain curves were obtained under various compression conditions, as shown in Figure 2 . Therefore, a flow stress model describing the stress-strain relationships of GH4698 should be established. The Arrhenius equation was expressed as in [26] :
Here, A, n, and α were material constants, ε was the strain rate in s −1 , Q was the thermal activation energy in kJ/(mol•K), R was the gas constant, which equaled 8.314 J/(mol•K), and T was the deformation temperature in K. As a constraint, the following could be applied for different stress levels [27, 28] :
A1, A2, n, and β are constants, which follows: 
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A 1 , A 2 , n, and β are constants, which follows:
Taking logarithms of both sides of Equations (2) and (3) gives:
Thus, n and β could be calculated by the slopes of the fitted line of ln σ versus ln . ε, and σ versus ln . ε. The value of α is calculated according to Equation (4) . Taking a logarithm of Equation (1) results in:
Therefore, the value of Q could be obtained via the slope of the fitted line of 1 T versus ln(sinh(ασ)), and the value of ln A could be obtained via the intercept of the fitted line of ln(sinh(ασ)) versus ln . ε+Q/RT. Taking ε = 0.05 as example, the calculation process of the model parameters is shown in Figure 3 . For effectiveness, the calculations were made using MATLAB software at various strains. The values of the model parameters with the increasing strain are shown in Figure 4 . Taking logarithms of both sides of Equations (2) and (3) gives:
Thus, n and β could be calculated by the slopes of the fitted line of ln versus ln , and versus ln . The value of is calculated according to Equation (4). Taking a logarithm of Equation (1) results in:
Therefore, the value of could be obtained via the slope of the fitted line of versus ln(sinh( σ)) , and the value of ln could be obtained via the intercept of the fitted line of ln(sinh( σ)) versus ln ε +Q/RT. Taking = 0.05 as example, the calculation process of the model parameters is shown in Figure 3 . For effectiveness, the calculations were made using MATLAB software at various strains. The values of the model parameters with the increasing strain are shown in Figure 4 . Fifth-order polynomial fittings were then applied to describe the relationships between the model parameters and the strain, resulting in the following:
Here, denotes n, β, Q, and ln , respectively. − denote the coefficients, whose values are determined by polynomial fitting in the Origin software, shown in Table 2 . The comparisons between the calculated and experimental flow stress values are shown in Figure 5 . Basically, the flow stress could be predicted with good accuracy, showing that the Arrhenius model was capable of accurately calculating the flow behaviors of GH4698 under various strain rates. The scatter plots of the calculated versus experimental flow stress are shown in Figure 6 . The calculated stresses fit well with the experimental stresses. The adjusted R square value to describe the goodness of fit was 0.990. The average calculation error was 10.96 MPa (5.90%). The errors may be attributed to the following two reasons. First, there were still computational deviations in the fitting of model parameters by the fifth-order polynomial, which could be improved by trying better fitting expressions. Additionally, an abnormal softening occurred in the final part of the stress-strain curve under 1000 °C and 0.01 s −1 , which may be caused by experimental deviations. The number of repetitions under the same hot compression conditions could be increased to reduce such deviations. Fifth-order polynomial fittings were then applied to describe the relationships between the model parameters and the strain, resulting in the following:
Here, G denotes n, β, Q, and ln A, respectively. k 0 − k 5 denote the coefficients, whose values are determined by polynomial fitting in the Origin software, shown in Table 2 . The comparisons between the calculated and experimental flow stress values are shown in Figure 5 . Basically, the flow stress could be predicted with good accuracy, showing that the Arrhenius model was capable of accurately calculating the flow behaviors of GH4698 under various strain rates. The scatter plots of the calculated versus experimental flow stress are shown in Figure 6 . The calculated stresses fit well with the experimental stresses. The adjusted R square value to describe the goodness of fit was 0.990. The average calculation error was 10.96 MPa (5.90%). The errors may be attributed to the following two reasons. First, there were still computational deviations in the fitting of model parameters by the fifth-order polynomial, which could be improved by trying better fitting expressions. Additionally, an abnormal softening occurred in the final part of the stress-strain curve under 1000 • C and 0.01 s −1 , which may be caused by experimental deviations. The number of repetitions under the same hot compression conditions could be increased to reduce such deviations. 
Processing Maps
The processing maps were significant references for process parameter optimizations of GH4698 large forgings. It was suggested by Prasad et al. [26] that the deformation work (P) during forging is consumed by temperature rising (G) and microstructure evolution (J), as represented by: 
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The power dissipation coefficient (η) quantifying the fraction of energy by microstructure evolution was calculated by [4] :
An instability coefficient ζ for predicting deformation instability was expressed as in [4] :
The value of ζ was negative when deformation instability occurred according to previous research [4, [12] [13] [14] [15] . The value of σ could be obtained from the flow stress model. Thus, the thermal processing maps of GH4698 were established according to Equations (10) and (11), as shown in Figure 7 . The deformation instability was shown as shaded areas, and the dissipation coefficients were shown as contours. At a strain of 0.2 (Figure 7a ), three deformation instability domains were found. One was located at 950-1150 • C and 0.25-3 s −1 , another at 985-1015 • C and 0.001-0.002 s −1 , and the third at 1060-1140 • C and 0.001-0.004 s −1 . As the strain increased to 0.4, the deformation instability domain at high strain rates split into two, one at 950-1025 • C and 0.5-3 s −1 , and the other at 1060-1150 • C and 0.5-3 s −1 . Another deformation instability domain was located at 960-1010 • C and 0.002-0.025 s −1 . A comparison of data presented in Figure 7a ,b showed that the majority of the deformation instability domain had dissipation coefficients lower than 35%, and the dissipation coefficients of the other parts of the map were generally greater than 35%. One reason for this could be that at higher strain rates and lower temperatures, dynamic recrystallization was insufficient, and deformation instability occurred more easily. Thus, a much larger proportion of the deformation work was converted into heat. At a strain of 0.6 (Figure 7c ), two deformation instability domains were found. One was located at 950-975 • C and 0.3-3 s −1 , and the other at 1070-1140 • C and 0.5-3 s −1 . It is worth noting that the dissipation coefficients were high in the lower right part of the map in Figure 7c , which corresponds to high temperature and low strain rate conditions, and this may be because of the dramatic grain growth after the dynamic recrystallization was completed. At a strain of 0.8 (Figure 7d ), two deformation instability domains occurred. One existed at 950-1070 • C and 0.05-0.63 s −1 , and the other at 1080-1150 • C and 0.4-3 s −1 . The overlapping of the processing maps in Figure 7a -d reveals that to avoid deformation instability, the hot working parameters should drop in the area of 1080-1150 • C and 0.004-0.05 s −1 .
The processing maps at various temperatures or strain rates are extremely important for the hot working parameter optimization when the deformation temperature or the punch speed are restrained. The processing maps of the GH4698 alloy at various temperatures could be obtained by slicing and interpolating the processing maps at specific temperatures, as shown in Figure 8 . A deformation instability domain at a strain of 0.2-0.8 and at a strain rate of 0.1-3 s −1 was found under 950 • C (Figure 8a ). The dissipation coefficients were below 25%. A comparison with data provided in Figure 8a indicated that much smaller deformation instability domains existed under 1050 • C, as shown in Figure 8b . At 1150 • C (Figure 8c ), the deformation instability domain disappeared. Figure 8 shows that the workability of the GH4698 alloy was improved by dynamic recrystallization under higher hot working temperatures. It is worth noting that the dissipation coefficients generally increased with increasing temperature, because the dynamic recrystallization was more complete at higher temperatures, thereby consuming a much larger proportion of energy. Hot working maps of a GH4698 alloy at various strain rates are shown in Figure 9 . Good hot working abilities were obtained at 0.001 s −1 , as no deformation instability domain was found, as shown in Figure 9a . A dissipation coefficient of ~45% at 1050-1150 °C and at the strain of 0.4-0.8 Hot working maps of a GH4698 alloy at various strain rates are shown in Figure 9 . Good hot working abilities were obtained at 0.001 s −1 , as no deformation instability domain was found, as shown in Figure 9a . A dissipation coefficient of ~45% at 1050-1150 °C and at the strain of 0.4-0.8 Hot working maps of a GH4698 alloy at various strain rates are shown in Figure 9 . Good hot working abilities were obtained at 0.001 s −1 , as no deformation instability domain was found, as shown in Figure 9a . A dissipation coefficient of~45% at 1050-1150 • C and at the strain of 0.4-0.8 showed that a full dynamic recrystallization followed by dramatic grain growth might have occurred. A deformation instability domain at 950-1050 • C and at the strain of 0.75-0.8 could be observed at 0.1 s −1 , as shown in Figure 9b , and a relatively high dissipation coefficient of~40% could still be obtained, meaning that the thermal processing parameters were still acceptable. However, the deformation instability domain occupied the majority of the processing map, as shown in Figure 9c , indicating that the GH4698 alloy should not be hot-formed at such a fast strain rate, as deformation instability and local material flow would occur.
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Conclusions
Hot compression tests were performed at 950-1150 °C and 0.001-3 s −1 , and the following conclusions could be drawn:
(1) The stress-strain curves of GH4698 were single-peaked at various compression conditions, owing to dislocation motions during dynamic recrystallizations. The peak flow stress agreed well with the results in the literature, but the stress-strain curve shapes were different, which may be attributed to differences in the as-received material states. 
Hot compression tests were performed at 950-1150 • C and 0.001-3 s −1 , and the following conclusions could be drawn:
(1) The stress-strain curves of GH4698 were single-peaked at various compression conditions, owing to dislocation motions during dynamic recrystallizations. The peak flow stress agreed well with the results in the literature, but the stress-strain curve shapes were different, which may be attributed to differences in the as-received material states. (2) An Arrhenius model was established to calculate the stress evolutions under various strain rates, temperatures, and strains. The average calculation error was 10.96 MPa (5.90%), showing that the model could accurately describe the flow behaviors of GH4698 at high temperatures.
(3) The processing maps of GH4698 revealed that the hot working ability of GH4698 markedly decreased under lower temperatures (950-1080 • C) and high strain rates (0.1-3 s −1 ). The optimal hot working parameters were suggested as 1080-1150 • C and 0.004-0.1 s −1 . Moreover, according to this study, the GH4698 alloy was suitable for low-speed isothermal forgings at high temperatures (1080-1150 • C).
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